In West Africa, Uscana lariophaga Steffan (Hymenoptera: Trichogrammatidae) and Dinarmus basalis (Rondani) (Hymenoptera: Pteromalidae) parasitize the eggs and larvae, respectively, of Callosobruchus maculatus Fab. (Coleoptera: Bruchidae), an important pest of stored cowpea. The impact of the parasitoids on pest populations was evaluated in clay pots similar to the ones used in traditional storage in Niger. At the beginning of the storage period, cowpeas were infested with one density of C. maculatus and with either one or both of the parasitoid species. If the parasitoids we inoculated as single species in stores, both D. basalis and U. lariophaga significantly suppressed the bruchid population, but the former did so more effectively than the latter. A combination of D. basalis and U. lariophaga resulted in the same suppression of bruchid populations as when D. basalis was the only parasitoid. Fifteen weeks after storage, the parasitoids reduced the number of grains damaged significantly by 38-56%. The effect of inoculating single or multiple parasitoid species on C. maculatus populations in an augmentation strategy is discussed.
Introduction
Nigeria and Niger produce more than half the world production of cowpea (Vigna unguiculata (L.) Walp.) (Pandey & Westphal, 1989) . The edible seeds are a cheap and valuable source of protein, calcium, iron, thiamine, and riboflavin (USDA, 1986; Walker, 1982) , and have therefore been described as 'poor man's meat' (Aykroyd & Doughty, 1982) . In West Africa, the seed beetle Callosobruchus maculatus Fab. (Coleoptera: Bruchidae) is the only serious post harvest problem in cowpea (Singh et al., 1990) . Ripening pods are infested in the field, and at harvest the pest is taken into storage. Initial field infestations as low as one or two percent of the pods infested with bruchid eggs may lead to 80% of the pods attacked after 6-8 months of storage (Caswell, 1961; Youdeowei, 1989) .
At the time of harvest, the price of cowpea is usually low. After several months of storage, at the approach of the next rainy season, the price may double (Sagnia & Schütte, 1992) . Farmers sell stored cowpea whenever they need cash, but they may want to wait until the next growing season, when prices for sowing seed are high (Speirs & Olsen, 1992) . However, substantial losses by bruchids occur when no protective measures are carried out. Among the frequently used traditional methods are the use of plant parts with insecticidal or repellent action, plant oils, and inert substances such as sand or ashes . However, their effectiveness is not always clear. Pesticide applications in cowpea under subsistence farming conditions are generally beyond the reach of most farmers, mainly due to the lack of cash and because farm chemicals are poorly available (Alghali, 1991; Amatobi, 1995; Bottenberg, 1995) . Therefore, the potential of using indigenous natural enemies in a conservation or augmentation strategy to control this pest is investigated. For an overview of using biological control strategies for stored product pests see Brower et al. (1996) .
In the Niamey region of Niger several parasitoids of C. maculatus can be found in storage: the egg parasitoid Uscana lariophaga Steffan (Hymenoptera: Trichogrammatidae) and two larval/pupal parasitoids Dinarmus basalis (Rondani) (Hymenoptera: Pteromalidae) and Eupelmus vuilletii (Crawford)(Hymenoptera: Eupelmidae) (Lammers & van Huis, 1989; Monge et al., 1991) . In Niger and Togo, in controlled inoculations of cowpea stores with the two larval/pupal parasitoids, D. basalis was more capable of reducing C. maculatus populations than E. vuilleti (Glitho & Amevoin, 1995; Monge et al., 1995) . When the two parasitoids were introduced together, the effectivity of D. basalis was reduced because E. vuilleti selectively kills eggs and young larvae of D. basalis with its ovipositor, and may act as a facultative hyperparasitoid on older D. basalis larvae (van Alebeek et al., 1993; Leveque et al., 1993) . In Burkina Faso, inoculation of D. basalis reduced C. maculatus populations by 85% compared to the control in experimental storage pots (Sanon et al., 1998) . Introducing the egg parasitoid U. lariophaga alone in a traditional storage system significantly reduced the number of C. maculatus adults and more so at higher initial densities of the beetle (van Huis et al., 1998) . Here, we studied the effect of the egg parasitoid U. lariophaga with and without the presence of the larval/pupal parasitoid D. basalis on populations of C. maculatus in granaries.
Materials and methods
Treatments. In Niamey Niger, cowpea grains in clay pots were infested the 1 st of December 1993 with C. maculatus and inoculated with either the wasps U. lariophaga or D. basalis, or with a combination of both wasps. The control treatment was infested only with the beetle. Five replicates were used. To obtain overlapping generations of C. maculatus, we introduced 75 g grains infested with C. maculatus of different developmental stages per pot: incubation of the infested grains indicated that an average of 390 beetles had been introduced. The inoculation with U. lariophaga occurred by introducing 99 C. maculatus eggs per pot which had been parasitized 3-6 days before: an average of 60 ± 6 female wasps (ten replicate samples of 33 parasitized beetle eggs from the same parasitized egg stock; wasps emerged from 84% of the black eggs, 72% being female). Inoculation with D. basalis occurred by introducing 99 C. maculatus larvae parasitized at different times. When filling the pots with cowpea, three cylindrical cages (80 mm high and 20-30 mm wide) containing each 25 g infested grain (130 C. maculatus) and grains with 33 parasitized eggs were placed: one at the bottom, one in the centre and one near the top, while the grains with the 99 C. maculatus larvae parasitized by D. basalis wasps were placed only at the centre. This was done to improve their distribution in the pots. The cages were made from wire mesh (5 mm mesh widths to permit beetle and wasp movements in and out of the cage). The pots were placed in an open shed. Both the C. maculatus and the D. basalis cultures came from an insectary at the University of Niamey, Niger and the U. lariophaga culture from the Agrhymet Regional Centre in Niamey. All cultures were based on material collected around the city.
The experimental units. Spherical clay pots made by a potter contained 9 kg of clean (one week kept at 50 • C) cowpea grains (variety Dan Louma). The pots were 50 cm high with a 13 cm mouth and three sampling holes at the sides at 11, 23, and 28 cm height. The sampling openings (diameter 4.5 cm) were closed with beeswax and the top opening with a fine mesh cloth and a clay cover.
During the experiment, temperatures were measured every hour with thermocouples allocated in small cages in the middle of the cowpea stock in the clay pots. These round cages were 40 mm long with a diameter of 15 mm consisting of mesh wire (openings 5 mm) closed with beeswax to prevent beetles from touching the thermocouples. Thermocouples were placed in one out of five replicates of each treatment. The humidity was checked hourly using humidity probes in one replicate of the control and one replicate of the treatment inoculated with both wasps at the same depth in the clay pots. Thermocouples and humidity probes were connected to a data taker.
Sampling. The pots were sampled eight times at fortnightly intervals for about three and a half months (7 December to 15 March) from one week after the start of the experiment onwards. At each sampling day, four samples were taken, two from the lower and two from the middle parts of each clay pot, using a probe of 20 g capacity (the spatial distribution of C. maculatus eggs and its parasitization by U. lariophaga seems to be rather homogeneous throughout granaries - Lammers & van Huis, 1989) . From these samples the following data were taken: number of grains, number of grains damaged, number of emergence holes of C. maculatus and D. basalis, number of males and females of C. maculatus and D. basalis, number of grains with black (parasitized) eggs and transparent/white (non-parasitized) eggs, and the number of black and transparent/white eggs. Data were averaged for each replicate.
One sample of 100 g per clay pot was taken at the end of the experiment (4.5 months of storage; 15 April) from the well mixed beans to count the number of damaged grains and the number of emergence holes of the bruchid per damaged grain. The weight loss was determined by weighing four times fixed volumes of grains (2100 cm 3 ) for each treatment at the end of the experiment. This was compared with the weight of non-infested grains before the experiment (nine times fixed volumes). To adjust for the water content, the weight loss of 50 g cowpea was determined three times after drying at a temperature of 104 • C during 4 h at the beginning of the experiment and for each replicate once at the end of the experiment.
Estimation of life history parameters.
The fecundity of C. maculatus females was determined on February 1 and 27, and March 29 as follows. From the infested cowpea stock 10 ♀♀ and 10 ♂♂ of 0-6 h old beetles were put as pairs in ten tubes filled with 15 grains of the cowpea variety 'Tvx 3236', and the experiment was replicated ten times. The tubes were put in a clay pot under the same conditions as the main experiment. Each day the pairs were transferred to another tube containing about 15 grains of cowpea. The procedure was repeated until the death of the female. The number of eggs laid was counted.
Uscana lariophaga wasps were taken February 1 and 27, and April 9 from the infested seed stock used for the main experiments and sexed according to the antennal characteristics (Steffan, 1954) . A pair of 0-6 h old virgin wasps was put in a tube with cowpea seeds carrying at least 75 eggs of C. maculatus. New eggs were added each day until the wasp died. After six days the number of parasitized (black) eggs was counted. Wasp development was determined later by checking whether adults had emerged from the parasitized eggs, as evidenced by the presence of emergence holes.
Analysis. The intrinsic rate of increase was estimated using Howe's (1953) approximate expression:
[x = number of female eggs surviving to adulthood; t= development time (days); p= oviposition period (days)]. All differences were tested with the MannWhitney U test (P≤0.05). For analysis, percentage (α) were transformed in radians by arcsin √ (α/100) (in radians) and the number of beetles was transformed by ln.
Results
Population growth of C. maculatus. After 13 weeks, U. lariophaga reduced the number of C. maculatus adults by about 30 times compared to the control, and D. basalis reduced it more than 100 times; the parasitoids reduced the number of C. maculatus eggs 2.1 and 5-7 times, respectively (Figure 1a&b ). Two weeks (mid-March) later both the number of adults and eggs of C. maculatus were lower in treatments including D. basalis then in the treatment with U. lariophaga alone ( Table 1 ). The development of the C. maculatus population without the parasitoids was about exponential (Figure 1a&b ). In the presence of U. lariophaga the bruchid population also increased constantly (at least up to 11 weeks after the start of the experiment). However, with D. basalis present the bruchid adult population seemed to fluctuate between the sampling intervals of two weeks. The D. basalis adult population also showed this fluctuation (Figure 1d ) probably due to not completely overlapping generations. Due to the high density of bruchids reached in the control after 13 weeks, normal growth of the bruchid population was not longer possible and the regular sampling of this treatment was discontinued. Beetles at these densities generated so much metabolic heat that temperatures (ambient temperatures being already 35 • C) reached lethal values. The upper limit for development of C. maculatus is somewhere between 35 and 40 • C (Howe & Currie, 1964; Mookherjee & Chawla, 1964) , for U. lariophaga between 37.5 and 45.0 • C (van Huis et al., 1994) , and for D. basalis are no data available. Also the relative humidity in the control (only C. maculatus) was at 13 weeks (end of February) Figure 1 . The average number (ln scale) of eggs (A) and adults (B) of C. maculatus, the percentage parasitized eggs [arcsin √ (α/100) by U. lariophaga] (C), and the number of adults (ln scale) of D. basalis (D) in a 40 g sample of cowpea seeds taken at two week intervals in a grain stock infested with C. maculatus, without and with one or both of the natural enemies. At the last sampling date, the number of eggs and adults in the control (Cm) was not longer determined as conditions were no longer suitable for population growth (marked ? in the graph). about 50% compared to 35% for the treatment with the parasitoids.
In the first nine weeks of storage, the percentage parasitism of bruchid eggs by U. lariophaga remained below 20% and then increased to about 50% (Figure 1c) . After 13 weeks of storage more than 50% of the C. maculatus eggs were parasitized when only U. lariophaga was present. However, combined with D. basalis this figure was significantly lower, viz., 12% (Figure 1c ). The number of D. basalis adults and their exit holes after 13 and/or 15 weeks of storage was similar irrespective of the presence of U. lariophaga ( Figure 1d and Table 1 ).
Impact of the quality of cowpea. Fifteen weeks after the start of the experiment the percentage grains damaged in the treatments with parasitoids were all significantly different from the control (not in tables): control (88), D. basalis (37), U. lariophaga (50), and for both parasitoids (31). However, five weeks later (mid April) the percentage of grains damaged in the treatments with the parasitoids had increased by 30-40% and the treatment with U. lariophaga was no longer significantly different from the control, while the treatment with D. basalis had about 15% less grains damaged (Table 2) . Weight loss at the end of the experiment showed the same pattern and was reduced by about 8% for the treatments with the parasitoids. The number of emergence holes per grain of C. maculatus at the end of the experiment was 3.2 without parasitoids and 1.9-2.2 with parasitoids, which is significantly lower.
Biology of C. maculatus and U. lariophaga. Average temperatures inside the experimental pots decreased from 27-28 • C the beginning of December (1 st week) to about 20 • C the beginning of January (5 th week). Then it linearly increased to about 35 • C at the end of February (13 th week). Mid-March (15 th week) the temperatures dropped to 31-32 • C. The about six degrees higher temperatures at the end of February in comparison to the beginning of the month seemed to have shortened longevity, oviposition period, and development time, and lowered survival of C. maculatus. However, this did not result in significantly different r m values (Table 3) . Near the end of the experiment (29 March) longevity was significantly reduced compared to the values at the beginning and the end of February, and survival was almost reduced to zero. For U. lariophaga, the r m value was highest at the end of February, mainly due to a shorter development time at these higher temperatures (Table 3 ). The r m value was low near the end of the experiment (9 April), mainly due to a shorter longevity, longer development time, and a lower survival. The r m value of U. lariophaga were at all dates higher than those of C. maculatus.
Discussion
Impact of the egg parasitoid on the bruchid population. The impact of the egg parasitoid on pest populations was earlier evaluated in an experiment in Niger similar to this one (van Huis et al., 1998) . At the beginning of the storage period cowpeas were infested with different densities of C. maculatus and inoculated with one density of U. lariophaga. The egg parasitoid better establised control of C. maculatus at higher initial densities of the bruchid, thus limiting the damage to cowpea. This experiment points towards similar difficulties for U. lariophaga as for Uscana caryedoni (Delobel, 1989) . Because developmental time and longevity of U. lariophaga is about three times shorter than that of C. maculatus, the egg parasitoid needs overlapping bruchid generations with a continuous supply of fresh bruchid eggs for its survival in storage. A period of 14 days without fresh host eggs or very low densities of the host would eliminate the U. lariophaga population in a granary. At the start of the storage season, when bruchid densities are still relatively low, freshly laid eggs may not be sufficiently available at all times to allow the establishment and increase of U. lariophaga populations. The problem of U. lariophaga establishment at the start of the storage season (which is an aspect of seasonal synchronisation) is especially relevant, because granaries function as ecological islands (van Alebeek, 1996) and apparently are not easily (re)colonized by parasitoids from nearby granaries. The lack of synchronisation may be overcome by U. lariophaga inoculations later in the storage season, when the bruchid population is at a higher density and generations start to overlap. Wen & Brower (1994) using Pteromalus cerealellae (Ashmead) to control Sitotroga cerealella (Olivier) in shelled maize found also that at greater initial host densities more progeny of the parasitoid was produced. Another possibility is to use a conservation strategy and to increase the longevity of U. lariophaga through honey as an additional food supply . Feeding U. lariophaga females with honey increased life-time fecundity three-fold, from approximately 25 to 75 eggs per female . Honey also increases the longevity from two days without food to about ten days with honey (van . A longer lifespan would al-low U. lariophaga females to travel longer distances, possibly increasing their chances of host encounters. The provision of honey to foraging parasitoids within cowpea storage structures still faces many practical problems, like easy access to the parasitoids, drying out of the honey, dust accumulation, and bruchids also feeding on it Wäckers et al., 1998) . In our experiment U. lariophaga reduced the adult bruchid population considerably, but was less able to prevent damage to cowpea than in the experiment of van Huis et al. (1998) , although the initial densities of the bruchid and the parasitoid were about the same and the experiment was started at about the same time during the year. It is not clear why the effect of U. lariophaga in the reduction of damage to cowpea was less in this experiment.
Impact of the larval/pupal parasitoids. Although Dinarmus basalis is superior to E. vuilleti in suppressing the bruchid populations, the naturally occurring E. vuilleti is not easily excluded from the system, and significantly reduces the suppression of the bruchid population by D. basalis (van Alebeek, 1991; Leveque et al., 1993) . ThomasOdjo & Gaspar (1994) indicated that they were able to reduce a C. maculatus infestation in two months by 93% by introducing nine adults (of which six females) of D. basalis in a cowpea stock with five percent bruchid infestation. Ouedraogo et al. (1996) mentioned a 21 day longevity of D. basalis developing on C. maculatus at 33 • C and at 20% r.h., while it was 39 days at 70% r.h.; the oviposition period was only, respectively, one and five days shorter. Development time was between 16 and 17 days, lifetime fecundity higher than 150 and survival between 64 and 68%. They concluded that under conditions of Burkina Faso the parasitoid population was able to cause a regression of the bruchid population in April and May.
Comparison of the egg parasitoid with the larval parasitoids. The inoculation with many more bruchids in this experiment compared to the experiment of van Huis et al. (1998) (400 bruchids versus 25, respectively) resulted in much higher egg densities and damaged seeds than in the control. The treatment with U. lariophaga gave less reduction of the bruchid population and damaged seeds, with the same rate of egg parasitism, compared to those observed by van Huis et al. (1998) . The treatment with D. basalis had much fewer seed losses than the control, and significantly reduced the bruchid population in terms of egg density (to 15% of the control).
The two larval parasitoids, Dinarmus basalis and Eupelmus vuilleti, have a developmental time of 12 to 18 days, and a longevity of approximately 20-30 days, which allows them to bridge gaps until the next bruched generation (van Alebeek, 1991) . These figures for U. lariophaga are 8-10 and 2-3 days, respectively (van Huis et al., 1994) . Thus, establishment of larval parasitoids in granaries is probably less critical than for egg parasitoids. This may explain the observation that Uscana spp. were present in 69% of all samples taken from storage structures in Niger in 1992, whereas larval parasitoids were found in 92% of the samples (van Alebeek, 1996) .
Combined impact of egg and larval/pupal parasitoids.
Multiple introductions and coexistence of several parasitoids have been the subject of an ongoing debate in discussions of biological control theory (e.g., Huffaker et al., 1976; May & Hassell, 1981; Jones et al., 1994; Hassell & May, 1986) . The general conclusion is that it is very unlikely that new, additional natural enemies negatively influence the control already exerted by existing parasitoid species in the system. The impact of U. lariophaga with and without the presence of D. basalis was investigated in this experiment. In the combination of U. lariophaga and D. basalis, egg parasitism was very poor (9%), and for all other parameters this treatment gave about the same results as the treatment with D. basalis alone. The impact of U. lariophaga is greatly reduced by D. basalis populations. Probably, the larval parasitoid changes the bruchid host population from overlapping into separated generations, thus causing synchronisation problems for U. lariophaga.
Thus, it seems that, if parasitoid species are inoculated as single species in stores, both D. basalis and U. lariophaga significantly suppress the bruchid population, but the former does so more effectively than the latter. Uscana lariophaga in its turn is more efficient than E. vuilleti. Combinations of D. basalis with E. vuilleti, or D. basalis with U. lariophaga result in poorer or the same suppression of bruchid populations as when D. basalis is the only parasitoid. The combination of E. vuilleti with U. lariophaga and the combination of all three parasitoids, however, have not been tested yet. The outcome of such combinations is not yet clear, but reduction of D. basalis by E. vuilleti may make room for a better performance of U. lariophaga. Strategies of conservation or augmentation should focus on D. basalis and U. lariophaga. Both species are capable of protecting cowpea in storage for at least three months after harvest. Since it is difficult to exclude naturally occurring parasitoids from the system, it is not likely that the detrimental effect of additional parasitoid species can be prevented.
